As sensors, wireless communication devices, personal health monitoring systems, and autonomous microelectromechanical systems (MEMS) become distributed and smaller, there is an increasing demand for miniaturized integrated power sources. Although thinfilm batteries are well-suited for on-chip integration, their energy and power per unit area are limited. Three-dimensional electrode designs have potential to offer much greater power and energy per unit area; however, efforts to date to realize 3D microbatteries have led to prototypes with solid electrodes (and therefore low power) or mesostructured electrodes not compatible with manufacturing or on-chip integration. Here, we demonstrate an on-chip compatible method to fabricate high energy density (6.5 μWh cm
As sensors, wireless communication devices, personal health monitoring systems, and autonomous microelectromechanical systems (MEMS) become distributed and smaller, there is an increasing demand for miniaturized integrated power sources. Although thinfilm batteries are well-suited for on-chip integration, their energy and power per unit area are limited. Three-dimensional electrode designs have potential to offer much greater power and energy per unit area; however, efforts to date to realize 3D microbatteries have led to prototypes with solid electrodes (and therefore low power) or mesostructured electrodes not compatible with manufacturing or on-chip integration. Here, we demonstrate an on-chip compatible method to fabricate high energy density (6.5 μWh cm ) 3D mesostructured Li-ion microbatteries based on LiMnO 2 cathodes, and NiSn anodes that possess supercapacitor-like power (3,600 μW cm −2 ·μm −1 peak). The mesostructured electrodes are fabricated by combining 3D holographic lithography with conventional photolithography, enabling deterministic control of both the internal electrode mesostructure and the spatial distribution of the electrodes on the substrate. The resultant full cells exhibit impressive performances, for example a conventional light-emitting diode (LED) is driven with a 500-μA peak current (600-C discharge) from a 10-μm-thick microbattery with an area of 4 mm 2 for 200 cycles with only 12% capacity fade. A combined experimental and modeling study where the structural parameters of the battery are modulated illustrates the unique design flexibility enabled by 3D holographic lithography and provides guidance for optimization for a given application.
energy storage | microelectronics | miniature batteries | lithium-ion batteries | interference lithography M icroscale devices typically use power supplied off-chip because of difficulties in miniaturizing energy storage technologies (1, 2) . However, a miniaturized on-chip battery would be highly desirable for applications including autonomous microelectromechanical systems (MEMS)-based actuators, microscale wireless sensors, distributed monitors, and portable and implantable medical devices (3) (4) (5) (6) (7) (8) . For many of the applications, high energy density, high power density (charge and/or discharge), or some combination of high energy and power densities is required, all characteristics which can be difficult to achieve in a microbattery due to size and footprint restrictions, and process compatibilities with the other steps required for device fabrication. Although 2D thin-film microbatteries (typical thickness of a few micrometers) can deliver high power, they require large (often cm 2 ) footprints to provide reasonable energies (9) . Making the electrodes thicker boosts the theoretical areal energy density but the resultant increases in electron and ion diffusion lengths reduce the effective power and energy densities. Efforts to improve microbattery performance have focused on increasing the electrode surface area and active material loading in the third dimension. Electrodes based on high-aspect-ratio micropillar structures, realized via methods including electrodeposition, polymer pyrolysis, and vapor deposition techniques, have been demonstrated (10) (11) (12) (13) (14) . Despite the improved energy density compared with 2D batteries, because the micropillar electrodes are solid, the power and effective energy density is still limited due to the resultant long ion and electron diffusion pathways. Mesostructured 3D electrodes derived from nanowires or nanotubes have potential for achieving high energy and power densities, but difficulties in synthesis and full-cell assembly have limited these electrodes to half-cell demonstrations (15) (16) (17) (18) .
As we demonstrated via a colloidal templating strategy (19) (20) (21) , electrodes consisting of a layer of electrolytically active materials directly grown on a mesostructured 3D porous current collector can offer both high energy and power densities by providing efficient electron pathways, short solid-state ion diffusion lengths, and a pore network for Li-ion transport. Unlike for a micropillar, all of the major internal resistances of the microbattery can be simultaneously minimized. The colloidally templated 3D mesostructured electrodes were first fabricated in a half-cell configuration, and the resulting electrode indeed delivered supercapacitor-like power (e.g., 40% energy discharge in 3 s) while maintaining battery-like energy (19) . We subsequently fabricated a microbattery (full cell) with an unprecedented 2,000× increase in power compared with previous microbatteries (22) via a similar approach. However, colloidally templated microbatteries contain a number of serious limitations. From a purely practical standpoint, a fabrication approach that involves growth of a colloidal crystal from a colloidal suspension on a substrate is unlikely to be acceptable in a manufacturing environment, because it is slow, and submicrometer colloidal particles are generally unwelcome in a microfabrication facility. The mesostructure and connectivity of the colloidally templated system is severely restricted by the close-packed particles, allowing almost no freedom to alter the structure of a unit cell. Finally, all colloidal crystals contain defects (e.g., cracks), which end up in the final
Significance
Microscale batteries can deliver energy at the actual point of energy usage, providing capabilities for miniaturizing electronic devices and enhancing their performance. Here, we demonstrate a high-performance microbattery suitable for large-scale on-chip integration with both microelectromechanical and complementary metal-oxide-semiconductor (CMOS) devices. Enabled by a 3D holographic patterning technique, the battery possesses welldefined, periodically mesostructured porous electrodes. Such battery architectures offer both high energy and high power, and the 3D holographic patterning technique offers exceptional control of the electrode's structural parameters, enabling customized energy and power for specific applications.
electrode structure as solid elements (the inverse of a crack). These solid elements locally limit ion transport and make capacity matching between anode and cathode difficult, which may in part be why the cycle life of the colloidally templated microbattery was low. In contrast with colloidal assembly and other 3D fabrication techniques such as direct laser (ink) writing (which produces 3D structures in a point-to-point or layer-by-layer fashion) (23, 24) , 3D holographic lithography generates periodic, defect-free features (50∼1,000 nm) in a one-step exposure (∼ seconds) over an area that is linearly proportional to the beam size. It can create a variety of complex 3D structures by varying the beam patterns and exposure conditions. Although accurate control on the interfering optical beams is required to construct 3D holographic lithography, recent advances have significantly simplified the required optics, enabling creation of structures via a single incident beam and standard photoresist processing, making it highly scalable and compatible with microfabrication (25, 26) .
Here, we describe a flexible and deterministic 3D fabrication route which combines 3D holographic lithography with conventional photolithography to create microbatteries with good cycle lives, and high power and energy densities using complementary metal-oxide-semiconductor (CMOS) and microfluidic device-compatible processing steps. The holographic lithography creates a defined periodically mesostructured 3D lattice, whereas the conventional photolithography defines a set of 2D solid structures that divide the 3D lattice into an interdigitated pattern. The combination of these two lithography processes provides comprehensive control of the electrode mesostructure and spatial arrangement, enabling formation of flat-sided and topped 3D current collectors with independently deposited high-quality cathode and anode active materials. The resultant full cells exhibit energy and power densities up to 6.5 μWh cm −2 ·μm −1 (energy-optimized electrode spacing) and 3,600 μW cm −2 ·μm −1 (power-optimized electrode spacing), with less than 5% cell-to-cell distribution. The cells retain at least 80% of the initial capacity after cycling 100 times at various rates, and 88% of the initial capacity after driving a light-emitting diode (LED) for 200 cycles. The capacity for fast charging and discharging endues the microbattery with rather unexpected capabilities for a battery which is only 2 mm on a side and ∼10 μm thick, for example the battery could repeatedly (>200 cycles) drive a conventional LED with a 600-C peak current (∼0.5 mA). A combined experimental and modeling study where the structural parameters of the battery are modulated illustrates the unique design flexibility enabled by 3D holographic lithography and provides guidance for optimization for a given application.
Design and Fabrication of Deterministically Structured 3D Microbatteries
The fabrication of the microbattery combines both 3D holographic lithography and 2D photolithography. In principle, both these lithographic steps can be performed on a single negative photoresist film. However, a holographically defined 3D lattice made of negative photoresist (e.g., SU-8) suffers from a volume shrinkage of ∼40% during development, whereas the 2D pattern formed from the same photoresist only shrinks ∼7% during development, resulting in a large structural distortion. To circumvent this, a thick 3D lattice is formed using SU-8, and the SU-8 network is subsequently infiltrated with another photoresist to pattern the electrodes as illustrated in Fig. 1A . Specifically, a 3D holographically defined lattice (typical periodicity: ∼1 μm; porosity: ∼40%) is created on indium tin oxide (ITO)-coated glass by four interfering laser beams arranged in an umbrella geometry (27, 28) . Because the intensity, polarization, and angle of each beam can be individually defined, this method offers considerable flexibility in the design of the holographic structure. The electrode distribution is then photolithographically defined with a positive photoresist (AZ9260). Fig. 1B shows the cross-sectional view of the resultant structure, where the second resist forms solid straight walls inside the 3D lattice. Next, Ni is electrodeposited partially through the porous SU-8 lattice. Notably, compared with our previous microbattery design where the Ni electrodeposition step created hemispherical-shaped electrode digits due to the unconfined concurrent vertical and lateral growth of the Ni scaffold (22) , which was undesirable due to inefficient use of the device space and potential for short formation due to dendrite growth during Ni electrodeposition, the Ni growth here is confined by the vertical photoresist walls, providing independent control over the scaffold height (Ni plating time) and width (photolithographic step). The microbattery current collector is revealed after the photoresist template is removed by oxygen reactive ion etching (RIE). The final current collector consists of a 4-mm 2 area interdigitated 3D porous Ni Fig. 1 . Schematic illustrations and images of 3D microbatteries enabled by combining 3D holographic and conventional photolithographies. (A) Threedimensional microbattery fabrication process (I): create 3D lattice (SU-8) on an ITO substrate using holographic lithography (II), infiltrate the 3D holographic structure with another photoresist (AZ9260) (III), photopattern the second photoresist to define the microbattery electrode (IV), invert the photoresist template by nickel electrodeposition (V), remove the photoresist template by oxygen RIE and etch the exposed ITO layer by methane RIE, and (VI) sequentially electroplate nickel-tin (Ni-Sn) and manganese oxide on the interdigitated 3D nickel current collector as anode and cathode, followed by a selective lithiation with a drop of LiNO 3 /LiOH molten salt to produce LMO. scaffold (Fig. 1C) . Each individual electrode digit has a rectangular cross-section, which is ∼10 μm high and ∼60% porous. Unless otherwise mentioned, the electrode digits are 35 μm wide and the gap between electrodes is 15 μm. After removal of the photoresist template, the exposed ITO layer on the substrate between the electrode digits is etched using methane RIE, electrically isolating the anode and cathode current collectors. The active materials, Ni-Sn (90% tin, ∼70 nm thick), and MnO 2 (∼100 nm thick) are sequentially electroplated onto the Ni scaffold as anode and cathode, respectively (Fig. 1D) . The MnO 2 cathode is then selectively lithiated in LiOH and LiNO 3 molten salt, followed by rinsing with water and drying.
Our group has recently investigated the half-cell cyclabilities of lithiated MnO 2 (LMO) and Ni-Sn on macroscopic colloidally templated 3D Ni scaffolds (19, 29) . Our LMO cathodes generally exhibit good cycle lives with capacity fades of 10% or less over 50 cycles. The Ni-Sn anode often fades below 90% within the first few cycles but then fades at a much slower pace in subsequent cycles. The large capacity loss in the first few cycles is probably caused by solid electrolyte interphase (SEI) formation (30) . Due to the large surface area of our microbatteries, the initial SEI formation can degrade a significant amount of electrolyte, leading to an excessive lithium loss. To produce a stable SEI layer without consuming the limited lithium source, the Ni-Sn anode is independently cycled versus lithium metal six times in a large electrolyte reservoir before packaging. Following this, a drop of fresh electrolyte is cast onto the microbattery, and the microbattery is capped with polydimethylsiloxane (PDMS) and a glass slide, and sealed using a UV resin. The battery is then stable in air for at least a few days. Reports on packaging of liquid electrolyte-based microbatteries have previously demonstrated scalability and longterm stability (31, 32) , making us optimistic that our design could also be packaged to provide extended stability.
Electrochemical Testing
The packaged microbattery is galvanostatically tested between 3.2 and 1.4 V. Fig. 2A shows the discharge voltage profiles of a microbattery that is charged at 1 C and discharged at various C rates (1 C stands for charging-discharging the battery in an hour; at a C rate of N, the cell is charged-discharged at N times the 1 C current). The cell possesses a volumetric energy density of 4.5 μWh cm ·μm −1 power. The interdigitated 3D porous electrodes also enable fast charging. As shown in Fig. 2B , when the cell is charged at different rates and discharged at 1 C, it reaches ∼80% state of charge (SOC) at a 20-C charge and ∼50% SOC at a 50-C charge.
Practical microbattery applications probably require a cycle life of at least a few hundred charge-discharge cycles. Whereas tin, its alloys, and its oxides have attracted considerable attention for their high energy density, it is also well-known that these anode materials experience a large (∼260% for tin) volume change upon alloyingdealloying that can continuously crack the SEI passivated surface leading to electrolyte decomposition, or can lead to active material delamination, both of which result in a severe capacity fade during cycling (33) (34) (35) . In our microbatteries, the capacities of cathode and anode are carefully matched so that LMO cycles between 3.5 and 2.2 V versus Li/Li + and Ni-Sn cycles between 0.3 and 0.8 V versus Li/Li + (Fig. S1 ). We find that careful control of the NiSn cycling range, in conjunction with the 3D Ni scaffold, significantly improves the cyclability, probably because the scaffold significantly relieves the cycling-induced stress in the film. Under these cycling conditions, the full cell exhibits at least 80% capacity retention over 100 cycles at a variety of charge and discharge rates, which is considerably better than previously demonstrated 3D fullcell microbatteries, which typically either cycled only a few times or faded quickly after tens of cycles (14, 22, 32, 36) . Fig. 2C presents the normalized discharge capacity of a microbattery that is charged at 1 C and discharged at high rates. The battery only shows a small capacity loss after 25 fast discharge cycles (from 5 to 1,000 C). Microbatteries are also cycled at 2 C, 5 C, and 20 C, respectively (Fig. 2D) , and at least 80% of the initial capacity is retained after 100 cycles in all three cases and 77% is retained after 200 cycles at 20 C (cells are not tested to 200 cycles at other C rates).
To demonstrate the capability of our microbatteries in a simple device application, a packaged cell is connected to a single-poledouble-throw (SPDT) relay that charges the microbattery potentiostatically at 3.2 V for 5 min (by two AA batteries) and sequentially discharges it to a red LED for 10 s. As shown in Fig. 3A (and Movie S1), even though the microbattery has a volume of only 0.04 mm 3 (excluding packaging) and a capacity of only 0.83 μAh, it provides sufficient power and energy to repeatedly drive the LED at least 200 times. The cell provides a peak current of ∼480 μA (∼600 C) and the depth of discharge is ∼21.6% in each cycle (Fig.  3B ). As noted in Fig. 3C , the peak and integrated output current barely change throughout the cycling, indicating minimal capacity fade, a necessary attribute for many applications.
Holographic Optimization of Energy and Power
An important asset in combining 3D holography with 2D photolithography for microbattery fabrication is the ease by which the electrode morphology and characteristic dimensions can be controlled, enabling investigation of the physics that regulates the microbattery energy and power. At some point, the power of an interdigitated battery decreases as the electrode digits become wider due to an increased ion diffusion distance inside the electrodes. However, for a battery that has a fixed footprint and electrode spacing (below some minimum spacing, electrical shorts may occur), wider electrode digits provide a greater total energy as the number of gaps between electrodes is reduced and more space is filled with active materials (Fig. 4A) . Here, we investigate the trade-off between energy and power by fabricating cells with various digit widths (W) but the same total area and electrode spacing (S = 15 μm). By tightly capping the prismatic-shaped electrodes with PDMS stamps (Fig. S2) , ions are forced to travel only in the lateral direction during cycling, enabling drawing direct correlations between electrode digit width, energy, and power. Fig. 4B shows the high-rate discharge capacity of cells containing 35-μm-, 60-μm-, and 110-μm-wide electrode digits. At a low rate of 1 C the microbattery capacity increases as the digit width increases, going from ∼2.1 μAh·cm ) for a 110-μm electrode width (about what would be calculated assuming complete discharge of active material). As the C rate increases, the capacity of the microbattery with the widest electrodes falls off most significantly. For example, at 20 C the cell with 60-μm width delivers the most charge among the three, and by looking at the capacity retentions (normalized to 1-C discharge) it is the largest electrode width that has lost the most capacity (capacity retentions of 61%, 53%, and 32% for the 35-μm-, 60-μm-, and 110-μm-wide electrodes, respectively). The large decrease at the 110-μm width suggests that liquid-phase ion diffusion is becoming insufficient for this microbattery at this discharge rate. At higher C rates, the capacity of the microbatteries with wider electrodes continues to fall off faster than the narrow electrode microbattery.
To assist in interpretation of the influence of electrode parameters on battery performance, the microbattery is simulated using a simple 1D COMSOL model (see SI Text and Table S1 for details) in which the cell capacity is calculated for electrode digit widths ranging from 5 to 170 μm (Fig. 4B) . Whereas the simulation only captures the trends in cell behavior, it does provide important information. At 1 C and below, the cell capacity scales with the digit width following W/(W+S) as a result of a quasiequilibrium discharge (observed in both simulation and experiment). In both theory and experiment, there exists a critical width (Wc) for each higher rate. Below Wc, capacity still closely obeys W/(W+S). At Wc, the capacity reaches a maximum. Above Wc, the electrolyte severely polarizes near the center of the electrodes during discharge (Fig. S3 ), leading to a marked increase of the overpotential and prematurely ending the discharge. The simulation appears to capture Wc, although it does not capture the capacity well at intermediate C rates. It is clear that the decrease of power for cells with large digit width is attributed to the insufficient liquid-phase ion diffusion. The critical width at a given discharge rate, which maximizes the energy density without depleting ions inside electrodes, can be estimated by
where D 0 , e, and τ are the electrolyte diffusion coefficient, electrode porosity, and tortuosity, respectively. Eq. 1 suggests that optimization of the effective liquid-phase diffusion in the microbattery should focus on controlling the electrode porosity and tortuosity. In our holographically templated microbatteries, the electrode porosity can be easily tuned by the exposure dose during the fabrication of the holographic templates. Fig. 5A shows the simulated (see SI Text for details) structures of nickel current collectors with 30%, 40%, and 50% filling fractions, which are inverted from SU-8 templates with 70%, 60%, and 50% filling fractions, respectively. Three cells with these nickel filling fractions are fabricated and tightly capped with PDMS stamps (the filling fraction of SU-8 templates is determined by their characteristic peaks in reflection optical spectroscopy). The electrode tortuosity varies with porosity ( Fig. S4 ) and is also strongly related to the geometric shape of the unit cell (37) . The tortuosity of the electrodes tested in Fig. 5B ranged from 1.5 (most porous) to 3 (least porous). As expected, the cell with the lowest tortuosity (largest porosity) exhibits the best power performance (Fig.  5B ). As our simulations show, ion depletion in the electrolyte only becomes important for the wider electrode at high C rates, and thus it is in these electrodes where tortuosity matters. For a given lattice parameter, the surface area is also a weak (varies about 10% over the range of samples presented in Fig. 5B ) function of porosity (Fig. S4 ).
Discussion
A holographically defined interdigitated 3D microbattery has a number of unique attributes for on-chip energy storage. It is both highly scalable and compatible with microelectronic processing because it uses many of the same materials and procedure common in conventional photolithography. Although here a four-beam holographic strategy is used, which is not a standard lithographic process, holographic exposures have also been demonstrated using both prism and phase-mask methods that can be performed using a standard photolithographic process (25, 26, 38) . Compared with conventional battery electrode fabrication methods (e.g., slurry tape-casting), which are difficult to scale to the millimeter size and below, the template-assisted electrodeposition provides a viable path for creating miniaturized electrodes with high-quality active materials conformally attached to 3D mesoporous current collectors. An attribute of a holographic design is the ability to independently modulate the lattice symmetry and the lattice constant.
In our 3D microbattery design, the tortuosity is below 3, and thus whereas further reductions in tortuosity may not be meaningful, it is interesting to speculate if certain symmetries may better mitigate the mechanical stresses in anode materials which undergo large volume changes with cycling, such as tin and silicon (39) . The lattice symmetry and the lattice constant dictate the internal surface area, which is an important parameter, as the volumetric energy density is proportional to the product of the active material thickness and the surface area of current collectors. Whereas the active material thickness may be limited to a few hundreds of nanometers to achieve fast solid-state diffusion, and thus a high power, the high surface area of the current collector results in a structure with a high energy density, even with a thin active material coating. Because the areal energy density scales with the electrode height, approaches compatible with tall electrodes are important when the device footprint area is limited. Here, we have demonstrated the concept with an ∼10-μm-thick electrode; however, this should not be an upper bound. Tens, and even hundreds, of micrometer-thick holographic structures have been fabricated using advanced photoresists that have low absorption and shrinkage but high sensitivity (40) (41) (42) . Whereas 2D thin-film microbatteries can deliver a power density as high as 10 4 μW/cm 2 (9), they have to expand their footprint to increase the total stored energy and power, because making the electrodes thicker reduces the power. The 10-μm-thick holographically defined microbattery presented here delivers a power of 3.6× 10 4 μW/cm 2 , and, unlike a thin-film microbattery, both energy and power scale proportionally with thickness.
Conclusions
We have developed a method to fabricate 3D microbatteries that is highly scalable and compatible with CMOS and MEMS processes. The fabrication uses both 3D holographic lithography and conventional photolithography to create the microbattery template, followed by template-assisted electrodepositions to produce thin layers of active materials that are conformally grown on 3D current collectors. The resultant microbattery, which consists of interdigitated microscaled electrodes with mesostructured pores and desired electrode shape, exhibits superior energy and power densities as well as excellent potential for practical applications. By carefully matching the electrode capacities and precycling the anode to form a necessary SEI layer, the cycle life of the full cell is much improved compared with previous works. The experiments and modeling suggest that the energy and power of the microbattery are strongly related to the structural parameters of the electrodes such as size, shape, surface area, porosity, and tortuosity. A significant strength of the method presented here is that these parameters can be easily controlled during lithography steps, which offers unique flexibility for designing next-generation on-chip energy storage devices.
Materials and Methods
Fabrication of Interdigitated 3D Porous Nickel Scaffolds. The preparation of 3D holographic templates begins with spin-coating (1,500 rpm, 30 s) SU-8 2015 (Micro-Chem) onto ITO substrates (Delta Technologies, sheet resistance: ∼100 Ω).
To increase the photosensitivity of SU-8 at 532 nm, the photoresist is doped with 0.5 wt % solid content of photoinitiator, cyclopentadienyl(fluorene) iron(II) hexafluorophosphate (Aldrich). The SU-8 film is then exposed to four interfering laser beams arranged in an umbrella geometry for 0.5 s (27) . After development, the 3D lattice is hard-baked at 95°C for 15 min and subsequently infiltrated with the positive photoresist AZ9260 (Microchemicals) by spin-coating (3,000 rpm, 50 s). The infilled AZ9260 resist is photopatterned using a standard photolithography procedure and then hard-baked at 125°C for 2 min. Next, nickel electrodeposition is performed potentiostatically at -2 V in a commercial sulfamate nickel plating solution (Transene, SN-10), which is followed by removing the polymer template by O 2 RIE (20 sccm) with 500-mtorr pressure and 200-W power for 1 h and sequentially revealing the interdigitated 3D nickel current collectors. 
